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ABSTRACT

The purpose was to determine, by photographic means, the modes by which energy is
propagated and dissipated from nuclear explosions at very high altitudes. A corollary
objective was to docum'nirt all visible aspects of the detonations for later anulysis of any
unlcreseen phenomena.

The project anly~tr- films from Shots Yucca, Teak, and Ortinge. Film records ana-
lyzed Included 70-mm streak records for very early fireball growth. 35-aim high-
speed records for diameter-time relationships up to 2.000 msw'c. and slow-speed 35- and
70-mm records for late diameter-time data. The film~s were taken from caneras aboard
two RIB-36 aircraft.

Shot Yucca had an approximate initial diameter of 40 meters at apprn"eimnately 0.13
msec and could be measured to a diameter of about 640 meters at 1.5 seconds. Shot
Orange had an initial obswrved diameter of approximatei, 1.7 km and reached a diameter
of 20 km at 30.5 seconds.

Shot Teak was a multiphenomena event. At early times, the configuration of the ra-
diation phase was egg shaped. As time passe!, s.eral shocklike phases bee .' is-

cernibie. The major vertical and major horizontal measurements of each of -':ptases

compouted.
b'ncause of the uncertaintied Involved In scaling ior high-altitude bursts, no ait~mpt

%_-t -isde to calculate yields.
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FOREWORD

This report presents the final results of one of the projects participating in the military-
effect programs of Operation Hardtack. Overall information about this and the other
military-effect projects can be obtained from ITR-1660, the "Summary Report of the
Commander, Task Unit 3.'" This technical summia"y includes: (1) tables listing each
detonation with its yield. - ,)e, environment, meteorological conditions, etc.; (2) map'-
showing sbot locatione; (3) discussions of results by programs; (4) summaries of objec-
tives. proceAires, results, etc., for all projects; and (5) a listing of prefect reports for
.he military-effect programs.
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Chapter 2

DROCEDURE

2.1 SHOT PARTICIPATION

This project participated i. -:hots Yucca, Teak, and Orange.
All times given in this section have been corrected for WWVH transit time.
Yucca, a nominal 1.7-kt device, was detonated on 28 April 1955 at local time

1440:00.256 1 2 msec (Greenwich Mean Time 0240:00.256 k 2 msec, 28 Anril 1958). The
device was suspended from a balloon at an altitude of 84,683 feet above sea level (pa =
3.5 x 10- 1 gm/cm3) (Reference 3), and was detonated at a location between Eni',tok and
Bikini Atolls in the Eniwetok Proving Ground.

Teak, a nominal 3.8-Mt device, was detonated on 31 July 1958 at local time
2350:05. 596 t 1 insec (GMT 1050:05.598 * 1 msec, I August 1958). The device was
carried northwest of the launching pad, to a firing altitude of 250,374 feet (PS = 3.4 x 105
gm/cm) (References 3 and 4) by a Redstone missile launuhed from Johnston Island.

Oranze, also a nominal 3.8-Mt device, was detonated in the same manner as Tea.. on
1l " ,s5 at local time 2330:08.605 * 1 msec (GMT 1030:08.605 k 1 msec, 12A .:tst
1 J8). The burst occurred southwest of the Johnston Island launching pad at an altituce

141.009 .,et (po = 3.2 x10 "4 gm/cm) (References 3 and 4).

2.2 PHOTOGRAPHIC COVERAGE

Photographic coverage for all events was supplied by cameras mounted in two RB-36
aircraft flying at altitudes of approximately 37,000 feet for Yucca, and 30,500 feet for
Teak and Orange. Positioning data for the pirticipating aircraft is given in Table 2.1.
Additional cameras were located on the USS Boxer for Yucca and on Johnston Island for
Teak and Orange.

The primary high-speed photography was accomplished by means of streak caner is,
which utilized 70-mm film to provide a wide field of view. The purpose of this type cam-
era was to produce a film on which was recorded the envelope of the expanding phenome-
na. To ac,vrmodate possible errors in aiming and/or burst r.: ci!.on, the cameras wCre
operated without a slit. At a nominal film speed of 20 ft/sec, the cameras, operating
with a slit, would be capable of resolving a few mlcro-.econds; and without a slit, better
than a hundred microseconds. With a 6-inch lens, thc spatial resolutlot% is a fnw meters.

Three streak cameras were used in each aircraft-two mounted to ref.--d he verti-
cal growth of the fireball, and one mounted to record its horizontal growth. Because the
exposure was relatively unpredictable, the cameras were filtered to respond to different
light levels.

One streak camera on the USS Boxer for Yucca and one on Johnston Island for Teak
and Orange were equipped with longer lenses so that a record of the envelope of horizcn-
tal growth could be obtained in the absence of cloud cr..r.
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Other cameras used included the following: 35-mm Fastax (2,000 frames/sec)- fire-
ball photography; 35-mm Mitchell (24 framer,/sec)-fireball photography; 70-mr ;!ulcher
(Edgerton, Germeshausen & Grier modified) cloud '1/4 frarne/sec)-later stages of cloud
formation; 70-mm Maurer (3 /2 framebir3c) -!a'r stages of cloud formation; and 16-mm
gun sight aiming point (64 frames/sec)-dit. "ribution of light over the sky (employed
ultra-wide-angle lenses) and dccurnentary (both color and black and white).

Timing signals at each station activated the cameras and control equipment. Upon re-
ceipt of the time signal, operation of each station was automatic.

2.3 FILM READING AND DATA REDUCTION

The 35-mm films were measured on a Hauser profile-measuring microscope equipped
with an Edgerton, Gerineshausen & Grier (EG&G) fireball image reading device. The
70-mm streak records on Yucca and Orange were read on a Mann optical comparator,
and the Teak streak records wcrc read using a Bw'-sch a,-.d Lomb magnifier and a finely

t'.-ibed 100-micron scale.

The data was processed on the Burroughs E-102 digital computer.
Zero time for the Yucca and Orange streak records was established as the center ,J

the circle that made the best fit to the head of each trace. On Teak, the envelope was
less opaque, and streak zero times were measured at the tip of the well-defined inner
envelope (Figure 4.25).

Zero times for the 35- and 70-mm framing records were d6termired by r - .rison
with early diameter measurements taken from the streak records.

Sample camera data and calculation sheets are contained in Appendix A.

2 .: DETERMINATION OF MAGNIFICATION FACTOR

"I .. irborne camera, were mounted perpendicular to the longitudinal axis of the air-
craft and elevated to the angles indicated in the photo plan sheets for the various shots
(see appendixes).

To determine a magnification factor for relating film dimensions to object size, the
distance was calcu!ated along the optical axis of each camera to the point in space where
the axis intercepted, at right angles, :be plane containing the burst. By measurement
on the film of the horizontal and vertical displacement& of the image from the center cf
'he frame, the angles between the optical axis of the camera lens and the aI& t range to
burst were obtained. Because the rate of rise of each of the detonations was unknw at
tne time of analysis and was beyond the scope of the analysis effort, no attempt was

.made to correct the measurements for viewing geometry. It is hoped that future analy-
sis Will yield enough information to enable a correction Wi ot ._. 4er values.

The true range (Ra) along the optical axis, to be used in determining the magnifica-
tion factor, was then calculated as follows:

Re/a = d, cos cr cos fl + (hb - hc) 4in

Where: di = horizontal distance-camera to burst

camera elevation from horizoatal

a = angle between Ra and slant range in horizontal or ground projection

13
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hb = height of burst

hc = height of camera

Figure 2.1 is a spatial presentation of the rartgv t he opt!cal .xi .

TABLE 2.1 POBITIONING DA'I

Locati Coordlnates Al"tude Distanct. Aircraft tu) Hurst
N _2 Horizontal Slant ange

ft

Shot Yucca

Air zero 41944" 364042' 84.683 - -.

RB-36, 15748 (Station 830.01) 426552* 3'7621' 36,000 70530 R5092
RD-36, 15750 (Station 830.02) 493747' 2993401 37,000 S6058 80666

Shot Teak

Air zero 9031441 I-4871#1 :,0.g :
Launch pad 00401 2005-M -0 -

P, hnstor '.,land J9130t 19Y855t "0 -
'B-J.. 1548 (Station 830.01 51269t 16432t ,^r0 390196 447S6"
RB - ?,. 15750 (Station 630.02) '1;t 371278t 30.500 31300 450220

Stu(: Or%. je

Air txcrv 63196T 196052t 141,009 -

Launch pad 200040' 200580t 0
renter Johnston Island 199130t 197855t -'0 -

R3-36, 15748 (Station 830.01) 461248t 21056t 30,500 434794 446422
RB -36, 15750 (Station 830.02) 461608t 3816,6t 30.500 439432 453091

Referenced to £nlwetok coordinate system.
t Referencud to Johngton Island coordinate system.
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Chapter 3

SHOT YUCCA: CAMERA INSTRUMENTATION, ANALYSIS, AND RESULTS

3.1 INSTRUMENTATION AND CAMEPA OPERATION

Photographic coverage .; .reball growth was provided by' cameras mounted in two
RB-36 aircraft (StAtions 830.01 and 830.02) and by cameras mounted on the USS Boxer
(Station 943).

Streak Camera ti (in aircraft Station 830.01) jammed, but 'il oth.pr airborne cameras
obtained records of the detonation. Rain clouds partially obscured the burst from the
cameras located on the USS Boxer. and the streak camera at the station jan -s,4: thus,
no records suitable for analysis were obtained from Station 943. Aiialysis for Yucca was
accomplished by measurement of records from the airborne camera stations.

The Yucca photo pilns and photo loading charts are contained in Appendix S. The air-
craft positions and survey data are presented In Figures 3.1 and 3.2.

The Y%-crca diameter-time plot is shovnit n Figure 3.3. Because of apparent differences
octwter. c urves of the Yucca streak records, they are plotted separately and labeled
wi~l he l- i number and the density value of the camera Iliter. Neutral density (lND)
ffilters W.;used on the streak cameras to attenuate the light. The ND filter is a non-
discriminating filter in that it attenuates the light by a fixed percentage over the visible
spetti uni. ND) filter-, are numbered in accordance Aitth the percentage of light they
transmit, e.g., sit ND-I transmits 10 percent of the incident light, while an ND-2 trans-
mits only 1 perce~nt of the incideait light. Two facts are readily apparent when these
Ltirven are compureL (1) at any cuomparable time, the diameter values of the records
from any o-ne ;-tion show a filter depentl.nce, i.e., the greater the filter density, the
smaller the diametei i and (2) there is poor agreement amnong curves plotted f-.ora ,ac
ords olitained from cameras equipped with filters o! the same density value. e.g., the
ttreak curve from the Station 830.01 camera that used an ND-4 filter Is high~er at any

g mvr than the curve from the correspondirg camera r-dat . tation 830.02.
The .: rt r imnage density, attributable to the filtering, u. demonstrated when

the photc-graphic pc.:; -4' tz!- *!'?ree streak records fn'Station 830.01 are compared
f~j~e .0. 3. 11, and zi. I Z Th. c-n with 'he Ileast fz~hering, ND-3, produced the

~ 1m~, ad the camera with ar. -2*-! !i ._r i,-oduced the fainte,3- irnaxe.
The Use z.; f!T~z'q of _ffferezit valuots was necessas~ 3. bc ver little Informauto.

wan available on d.-lt~ evoatio-ns, mnaking prevalcuttioib ::! t edjz-k Itabt in-
tensity unreliable. The filter values wvern chosen to provide an exposure varli.o: t
,vouid insure adequate coverage over a wide range of light intensity.

To datermine thbe nature of the light distribution acroes the firchsil. microphotometric

measurements were made on the streak records (ey ;::,inning across each stcorthiog-I onai to the tline axis). Examination of these results showed that the light intensity across
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' e freball w~s !1on7uniform, rising to 2 max.:murn at :he fireball center. Figure 3.4
show,, a curve 01s relative light intensity distribution across the face -if the fireball. Super-I inmpoaed on the cur-ve are rectangles repregePrthrr. the filters used and showing iJ-- rela-
41f*,- ra)o hSit intensity encornpdsb-id !:-, envh The ND-, lister passes the widest
-arge of light intensities. while the ND-5 .isses the narrowevst range. The image Avidth

and consequently the calculated diameter i:, In this case, dependent upon the intensity

range of the filter.
To determine the cause of disagreement among the curves of records made fircUs cam-

eras using similar filters, microphotozietric measurements were made on each record
at 0.8 macec and at 15 msec. Comparison of micropbotometriz- traces of two records
-with the same degree ' f filtering and exposea at the same (tune showed that the width of
the streaks was th', same, but the density of the Imagcs %2as macktAlV different. The
trace with the lizghe: image, when inagnified on the optIcal comparator. was much mnore
difficult to measure because of poor definition at the ea;tremities. In all cases the mneas-
urement of the denser Image resulted in a highcr -~Jcated diameter. The differetr-. in
lmRsge density is attributed no, only to the difficulty In defining the edge of a gradu.aI!v
changing density, but also to varittions In the photographic procesrs!"". The condit! -
for procesclng 70-mm records in tt- field were such that photosens itomet ic conta -1 was
difficult te attain.

An ND-2 filter was used on the Fastax camera mounted in StatIon 830.02, and tlxe di-
ameter values maiculated from measuremeants of Its record are greater at anv Civen timne

hatthe values calculated fromn measurent of the least heavily filtered s record
from e-ther station. Th.'s fact supports the observation that the light distr, ion across
thp face of the fireball is nonuniformn and that the filter density value affec. 'he apparent

i :e size of the streak records.
A? approximately 20 macec, ain inner core becomes discernible on the film records,

!b te core gre*w-s, assumning the char-acteristic torus- or dougnnut-shaped clxt'i: approx-
.'in-, -ly 4.5 seconds aft-. zero time.

rigures 3.5 through 3.12 show the firehill, the cloud development, arid the streak
records.
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Caraaz~uu.<

7_ 7

.I.K>

Figure 3.4 Reeitloazhip betwoee. filter raLing and mrage w,'Jt ex &f rAk ri~cords.
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Figure 3.5 Fireball at approximatel- 0.6 ise, Statoa 830.02.
3-mFastax F! cantra. Nho YUCca

Flipre 3.6 Cloud developinent at a-pprox- Figure 2.7 Cloud devwelopment at approxi-
imately ' .0 seconds, Statlon 2830.02. niawly 7.5 sc-onds. Sation 530 02,
70-mm Cloud Camera 4. Shot Yucca. 10-mm Cloutd CaMerz 4. Shot Yucca.
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Fipre 3.R Cloud 4development at approxlnnltly 8.5 seconds,
Station 830.02. 70-m :!n 'Cloud Ca.-Ara 4, Shot Yucca.

r, Z-i m w -w,129"

Figure 3.9 Cloud development at approximately 12.3 seeouos*
Station R3O.02. 70-mn' Cloud Cama~ra 4. Shot Yucca.
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Figure 3.10 Streak recc-rd. Camera -3. ND-3 fifter Cnorizcntaslly miounted).
Station 830.01, SWo Y="-a

Flgu.-e~ 3.11 St:-cak record, Camera 2, ND-4 filtr (borizontally moursted),
Station 330.5i, Shot Yucca.

F~gur-- 3.12 Streak record, Camera 1. XD-5 filter (v-ertically mountedl,
Station 430.01. Sboo Yucca.
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Chapter4

SHOT T EAK; CAMERA INIVETfGANAL'SIS:, ASORCPIT

4.1 N~USTTO AM) CAMYEA O;PER;ATiON.

Fhotognzphke a =. i ie- Teak drtcozticm was prondte6 by cazwrras mcmurtd
two RB-3C ai.reraft (SatlotiS 520.01 and4 .33O2" aild by cameria- M auioctL a F, 6 trick
clx. Jobn-.htoflSand (StAtion Z-511 Y-R2-.stmo ilvd coordinate sim) b photo nanut

my"2.A i.Czngchzrt a.r6 cnan4In Apper-Ala C. ihe aircraft Poslitome6 and sr-
data are prescnwsd In Fijgv-ec 4i a--- -4.. AU camnecas op'natxcd onrirjii tna$

The st-ce-i ea-rs reonlL r -) Sht tw sh. -at: N fji'ce ra:5 ars.
Ibe- carneras% (ND-S1 ND-s. nod ND 21 -cr-, to 'hig for thi: hg'ilei e sOf 01%C

detr~iUo. cmsverW iw file; nlucs wt-re rse(N-.ND-3= am N-i, for tiw
thrr stre;;rP mra at each stec~e rezordln- czTek ad O:aaz-e r--s~ -' t

cr- -;6-re tmn-~t-ed, aL %- Yutcca-. z-2 reccr-i T-0st .ur teticli1 t tornsal ;e

I' -!Outsidle ac 54c. ofI vievt of ail itlctat :amrs.- extcivt s;o% m
VrEw%-b yet-, Wade fields n-i y4ew. thus:. ?!4 data su~znhk'- for earlytsrE C-! '1 25t

0j: :. 'is Of 16cr op 9. f LIi o =: ZAmo.-Min Mvt a.rtti.

4.2 RE$TULIh

The pbenotrcna recaonted c t Thet II shra-'were nu~cb nfh r~ usto.osre
oi &a.y ether JAL4W. FiZr t!%- pe-.*rp-e of his mreorz. r)-etc ztqed;c=t.i;

nnna have bft-n 7 s!4FeJ &kStnIcj61os Ul-. IT, '. o 2:r01

At early t''n he frcbt-i -azs app-ro-xIraiy.rg-sap ba-ngitc era b,
the verdeaJ al surd as-yxnirrsc in the -.strt t diutin. At I tssn. tbr Saxm=n-zr
Vr- -loat ccs'!een - the rdn-pins- D. (Ftvgrar C31f appoir.tz ;i N.z-,
2"1 the rr.trn'rr -cr~zncJmsucrnylsacrazAiuZuc h verrtt-!a
met-v is be-!ew0- wo tvr betem caluued b-i '!ie- rtVuf b*-'1 ! e-cratt

At a-,! attede of Z50,000 feet. t ity lwer air &ettis at t~e LA9o; Vt !!%C, pb h1vS a~o.dsf

toeger mean-free pazb for rearly ansr.rs'ta.ta -ahptcoizra:'-f
caus'e Oi then-?atr of the Erabal! n-esar-en v-.-iken 2!og &-,.h %;e- mxpjr
horizont!al zrp nart- vertinatt daecThu1 ~z~r-fn ir ar-- *hb-.- Y-irres

4.3i and 4.4 Linar plots oc!b bobo-tLO. datnecter 4x-! vet-necal Saawtrer kocrn5 laft
Inmeb are hO" Im rijures 4-.$ and 46S Ms ut 11 --Stue Of !-I- Yt-cc- ditr-'Crr vvt-S
tint plots, &ecr there as tnpcraa aszrenf.ecn acret!- Stwmai cnr-CrWAt.
e.I-a. have el* nite apndei erA t-pled scod.~ to nrc- S~t r-tu- rx±-

D, isL a sheetlke p*.no:mnoa -.1Mrae at !ery tUes ifjiaLr-C C.M- ti azors-n0ci
900 inset, the lihght tmflersltv of :us fttMe ba- oft 110 si-r 4 dem; - IA* U

is
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measurements on the filn rucord are impossible. The phenoinenon designated 1), appears
to be a strong radiation phase brighter than Dp, but iouch less intense than D2 (Figure
4.9). D2 is a high light-intensity phase whose light level 1'rop, below the threshold nec-

essary for good filn ,e:.-,ution appro,.imatly I se.oro ,kl'er zere time.
Another shocklike front moves up the radiative pha e of the burst (flgure 4.12). Thi.

front was not measured, because there does not. -)pear to be any satisfactory measure-

ment reference point.
The designator D3 refers to that phase of the detonation that appears in the streak rec-

ords as a wedge (Figure 4.25) and in the framing camera records as a bright shock (Fig-
ure 4.12). The D3 phase grows rapidly, and approximately 900 msec after zero time, a
bright core (DS) is discernible In the records (Figure 4.12). This core has the apparent
elliptical shape that the viewing geometry would be expected to induce on the bomb-debris
torus.

About 3 reconds after zero, a shocklike front (D4) grows from the core (Figure 4.13).
This phase can be measured, in the vertical direction only, to approximately 8 seconds,
after which time tie light Intensity drops sufficiently to preclude firther measurement.

The linear plot of horizontal diameter versus late time (Figure 4.5) shows an apparent
disagreement between D5 values from Mitchell (35-mm) and Maurer (70-r,.j. fimes. The
differences are probably due to the degree of personal judgment required in reading the
larger and less well..defined images of the 70-mam Maurer records.

Approximately 7 seconds after zero, a luminescent phenomena rises from the bottom
of the radiation envelope (Figures 4.15 and 4.16).

A stronl, aurora first becomes apparent in the photographs approximately 50 rr
after zero (Figure 4.16).

- :aphic prints showing phenomena growth are si-own in Figures 4.7 throug- !.22.
evc:ral |.rint3 (Figures 4.7 and 4.9) show bright spots below the burst; these are itternal

capict3 flections and are not functions of the burst.
.t,-x. ~-cords are shown ii, Figi-res 4.23 through 4.26. Density varladons across the

str-eail in'. ,e are apparent on some prints (Figures 4.25 and 4.26). These variations are
attributed to the photographic processing techniques employed. Because of inadequate
fi. " ' wilities, processing under strict photo sensiLometrtc control was not possible.
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STATION 830.01 STATION 630 02
RB-36 15746 A/c R5-36 15750
N551268 o N551261
E18432 O' E ,278
Z 30500 ,Z 30500

,, TH i,5

\ /
\ /
\ /
\ /
• ,\ /

N /

\ N 2014

E 194671
Z 250374

PLAN VIEW

T AIR ZERO
*s41.2 NAUT. MI.

STATION 030.01 STAT;ON Ftp-.:,

0I5.O NAUT. MI. I5.v NIAt,- ". II 1
I 'ROUN IL'I'4

SIDE VIEW

Fgure 4. Aircraft positions relative to burst, Shot Teak.
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Figure 4.7 Fireball at 0.5 rnsec, Siat~wn $0.01,

35-w~ra Fas~ax FF-I camnera, 3?-cA Te,%k.

Figure 4.! Firas- 1 2t9.6 ac. skins"o S,.
36-M a:-s=!l scamwvr- ~S* T*&k.
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Figure 4.9 Fireball at 50 nmec, Station 830.01,
70 mm Mdaurer M-4 camera, S't Tepk.

Figure 4 10 Fireb-zil at 261. rnsec Ct-ition b*30.01,
35-mm Fastax varnera. Shot Teak.
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Figure 4.11 Fireball at 547 macec, Station 830.01.
35-mm FX camera. Shot Teak.

lflag fls -Uk* Yrcr

Figure 4.12 Fireball at 2.45 second@, tltatflon 630.01,
?0 mmn Maur-r M-t camera, "1ot Teak.
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Figue 45 Pnbal a 7=5 acoodss Sttin 530-01,

70-nun~ MaUi-r U4 cacefl. Sot Teak-

pijre 4.16 Fireball at WA85seccodS. S""UOr 830-01.
7Oairn Maurer M-4 cImcnl. Sbot Teak.
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Chapter 5

SHOT ORANGE: CAMERA INSTRUMENTArioN, ANALYSIS, AND RESU LTS

5.1 INSTRUINENTA'i;ON AND CAMERA OPERATION

Tbe -amera tt..-ns for OrangL %%ere the same as, for Teak. All cameras functionee
properly, but cloud oover prevented the- cameras 2t Johnston iliand fron. obtaining usable
re'ordsc~, thus, analN sis of the Orange fireball gro%th %~as restricted to the records, f- om
the aircraft stations. The aircraft positmons an..~ data are prescrav('d in Figure-
.. 1 and 5.2. The photo plans and photo lcading charts are contained in App -dix D

5.2 RIESULITS

The diameter versus time plot for orange is presenttd in Figure 5.3. %%hered(fsagrcee-
mt-nt in streak ctord curves !s significant, each curve is plotted sepa~atel~ and labeledi
,Aih station numbei and fiiter rating. Nucrophictormetric measurements of ,pe made
ii *h. Yucca streak records shmou that the disagreement atrong recoras is .nuable to

t'i. 1tt b employed and the method of photographic processing used. Agr nent amorg
.I rus from cameras using filters of the sa -e value was much better than so' the! cRf

w~ Y .qtprobably because of the higher light-titensity levels of the Orangle detonation,
Ibtecauseu thi !aters used on the Orange cameras were of lower density valtes than
ti-chosen for Yucca- Enough light passed the filters 'present an image ta a

cas.,y mneasured Lh.!,pite Image densit~ differences introduced by field -proc(essing tech-
niques u'se( on thu streak records.

The Orange fireball exhibits vertical asymmetries at early times similar to those no-
ticed on the Teak records (Figure 5.6). but by 250 msec the configuration of the fireball
image is esse itially cir'-ular. At tz6 1-jez .ititude of the Orange detonation. the differ-
ential in ai- d.,nsity between the top and bottom of the fireball is much lees than that 1'.
Shot Teak, so the asymmetry is not as pionourced or as persistent as wac r ited (lurink
Teak.

I1 he emulsion of each of the first three frames of the 24 frames/sec Mitchell camera
records was burned, and the fourth frame had a solarim-1 image, giving an inicatiorn of
the ;.igh intensity level of the early light from the dtonatsP.. djiameters calculated Irom
n-astrerent! ef these fre xeen poor -ge - ' tth -O. -, *~-"C -

at comparable times. The diameters calcul.Eei from subsequent framem wero in good
agreement, thus, the measurements from the first four frames of each Mitchell record
were not considered representative of the Oran~e diameter-time growth and were ex-
.Juded Itcm the plot.

At. approximately 20 msec, a core is discern!hle or the 35-mmn Fastax record This
core assumnes a circular shap j 1 i&gre 5.7) and rifies to the top of the fireball, whe re it
appears to rise out of the top of the fireba". envelope (Figure 5.16). A large luminescent
hao e ffe'ct starting at the bottom of the, envelope (Figures 6.7 through 5. 12) appears
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around the co-re at approxiinate~y 286 tnisec. As the core rises, the halo diameter appears
to to diminish until it converges Into the core. At very late times, the bottomn of the en-
velope seems to rise, creating a vortexilke appearance (Figure- 5.16).

At late times-, an aiurd. less piotiouncc.d !L-' t%-jt a:;:!ociated v.ith Shot Teak. is dlis-
cernible or. 70-mm Orange records.

The spot which appears on the face of the Orn',qe envelope (Figures 5.10 through 5.12)
is discernible in photographs taken from butt. airborne stations and has the proper, north-
erly orientation to indicate a possible association with the %vhicle launched at johnston
Island.

Inspection of the aircraft records of %he Orange debris torus z-hows it to he nearly car-
cular over the first fe,. seco.,Js.

If the toroid were assu.dc to he ci rcula r in a plane para~l to the surface of the
earth, as the Teak toroia Aas, the Orange toroid snould be inore nearly ellipt!. al than
Teak's appeared in the aircraft records, because the elev~ation angle oi Orange above the
horizontal is half th~at of Teak. This is not the case; ir. f-.. the opposite is trul.. (Com-
pare Figures 4.10, 4.11, aind 4.12 with Figures 5.7, 5.6S, 5.9, 5.12. and 5.13). This would
lead to the assumpt ion that the Orange torus Is circular in a Plane thit is close io being
perpendicular to tl surface of the earth.

'r-Aa explanations of this paradoxical observatiorn are offered. (1) The orien-atior of thu
early toruts might be a function of the axis of the roissile at detonation tirse, although this
is considered highly imnprobable. Presumably, the Teak missile wab still climbing at
d-e-tonation; whereas the Orange missile, whose track was some 20 nautical miles
and 20 ziaa--tical miles up from its launch point, might have detonated at ap;ogcc. I
'his cliffi -enee in positions, it might bet inferred that. the early torus %&.as propag., in a

I ,-.ng'nal to the track ax-s. :2) The mechar~ems that effect the rising vort.n~g
ictryng t., mnon to all bomb dehrls could have influenceu the Teak debris at much earlier
t.r.,- ti it. influenr-! the Orang~e debris. This inference does not, however, explain
th.! - Za. hole it. the Early .'range debris.

A thira possibility, a1 discussion of which is beyond the scope of this report, is the in-
teraction between the fireball plasma and the Farth's magnetic field.

Photographic records obtained during the orange detonation are presented in Figures
b.4 through 5.20.
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STATION 8$0.01 STAT
ION &M 0Z

RS-36 15748 A/c RD-?A 15750

N 461248 N 460IG06 "
E 21050 E 38164/
z 30500 z 3000

\ /
\ /
\ /

'A /

/
\ /

\/

W AIR ZERO

N 653!9
EI19052

1 141001

PLAN VIE'Y

MR Z0EO
Ia23.t k141JT. MI.

STATION 930.0i i
STATION 83' 02 2

i-.tS.0 NAUT. MI. _0r- .10 UAA:T ld I

3MI0- VIEW

Figure 5.1 Aircraft positions relative to burst, She.[ Orange.
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Figure S.3 OMameter-dine plot. Shot Orarga.
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Figure Firbal 286 52 zec Sta:icn 6002.

3S-mmr FAstt= FF-2 carmtra. Shot Orange.
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Figre. 5.8 F~rebalI at 430 zmsec. Station 830.02,
35-min Fastax FF-2 camera, Shot Oranxe.

Figure 5.9 Fireball at 596 rnsec, Station 93M. 02,
r,,-mmn Fa,-Lax FF-2 carr.?ra, Sh"' Orangc
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• 5 2 4 lsT

Figure 5.10 Firebail a. 803 rse. tation 830.02. 35-mm F'
FF-2 camera, Shot O..G.g ( ete circujar torus.)

F-re 5.1l FireflI at 9S69 msec, Station 830.02, 35-=:n Fastax
FF-'' ca-A r, Sho EC Orane. (Note c.rcuiar lon.
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Figure 5.12 Fireball at 1.58 seeon&. Station 830.02,
35--am Fastax FF-2 camera, Shot Orrp

_ _wr-

Figure 5.13 Fireball at 2.142 xecond, Station S30.02.

70-mm Maurer M-7 can 52 2. Sh-'~ Qran.I
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Fgu re 5 14 FtrteuJ1 at 9.44~v~s taio&O(
70-=tn Maurer 34-? cam,-ra, Shoe Orange.

Figure SAIS Fireball at IS 34 soods. Figu~et 5.16 FrbI t 7,; secmds*
Gation 3~30,02. 70-mw, Maurc-r M-7 .3Uon .130.02, 9--~~re Md-.
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Chapter 6

RECOMMENDATIONS

6.1 GENERAL

It is highly recommenc!- hat further photogranimitric analysis of the three liarcetack
high-alt.tude detonations be pursued. Hate of rise f the burst phecnomena, nature and
dimensions o.f the aurora, and the light characteristi( s of the 'variois phenomina are
some of the areas '.hat show promise of yielding u-efi. data. The Hardtack high-altitude
data and measurements from previous aerial tests shouldi be evaluated in an at'empt to
determine scaling laws and to ascertain partition of energy data.

For future high-altitude tests, photographic coverage should be cinsiderably exparded,
"ith cinphasib directed to obtaining better time resolution and additional significant phe-
nomenological data by -ising more cameras and a wider variety of film types andl !enses.
The use of stabilized platforms for the airborne cameras and a fast exposure cornp-at-
ing sys:eni .%ould contribute significantly to the 1Mlieo.,cjent Of detonat..on records. S
also highl% recommended that extreme care be exercisec' in obtaini~g accurate air ft-

dat,3. it seems imperative to employ a tracking system whereby the CL. -ras
e aii'-, at the mi ssile continuously during its fligi.. Depetidence Oil ground- camneras

wrs-uitful; at least three aircraft should be used, as outlined below.

6.2 DETONATION COVERAGE

:rddtion to the two aircraft stations and one ground station usc-a for Teak and Orange,
it is recommended that a third alt craft station be employed to permit a better coverage of
eventsq and a more de-tailrzd analysis of the !seatlil relationships Of the virious ph~no~p-na
recorded. This thirc station would also serve as a backup to the other two

At least two addittonal ground or shipboard stattons are rLcomcaended for fireball cov-
erage. One station should be located about 1 ,000 iles from the detonation. .ad tb other

.Ia CU. ,eiugt dibLuille beutwecn the iwinci. win jt Iphoto. btijun cj#.' 11; 9fl nt)-mij ic 5~I:

For Shot Teak, EG&G had a station at Mt. Halc3akala on the island of Maul, State of Hawaii.
The purpore cf the station was to make long-range light meac - -nts of the hih-altitude
detonations. The Maui station was approximately 800 nautical miles frorr the Teak deto-
nation Excellent 35-mm color still films of ieak w-ere recorded from that statior. in-
dicatinig the valuable technical potential of long-rar.gc photography of extremely high-
altitude detonatlon phenomnenology (Reference 5).

Extensive cloud cover over more than one ground station and/or any of the aircraft
stations should be sufficient reatoon for shot postponemen't.

High-speed streak cameras capable of at least 0. 1 pseo resolution are r ecommende-d
for complete coverage of the first millisecond of fireball growth. High-speed framing
c ameras, capable of 25,000 frames/sec or mnore, should be xsed to obtain discrete pie-
turcs of fireball growth through the first 1.5 ;isec. P..p;'ronlc camerak: should bte
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employedl at one ground station for accurate ca.'iy-time daita, permitting precise dt-ter-
minatilon of zero frame time on motion-picture film record:-. Riate-of-rise records
should be obtained bv aircraft cameras mour.ted ii' airs, one aimedl at the exp.-eted dct-
onation point an(! tne other a; mcd above d v l oul rib,, -#,-ond the field0 of view cof
the first camera.

Cameras with extra-wide fields of view .ue recommerided for the rerordling of sky
glow effects from the detonation.

6.3 AURORAL CONJUGATE POINTr COVERAGE

Photographic coverage should be pro% ided for the L! ca of the expected auroral conju-
gate point. At leasti - ai rborne photo stations and two ground stations should be insti u
mented for recording aaroral effects in the area. Coverage at the con.2ugpilc point Nouifl
include timed photographs, to document aurcra ai rival time, configuration, and drift.
In addition, thebe stations could provide iong-r-ing-e :tj,.aze of the sky gln-,, fron~i the
detonation area.

6.4 FILM PROCESSING

Facitities should be made available to provide adeqate control of the processing oi
all films made. If such facilities cannot be provided inthe field, then, in the interest of
prc-~erving irreplaLeable photometric data, the fims should be transported 'ocation
Mtth the necessary equipment to insure proper controlled processing of the i.
Uni'er no circumstances should hand processing techniques be employed.
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Appendi.'x A

SAMIPLE CAMERA DATA AND FhI MEASURI{EMENTS
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CAMERA DATA S CA LCLATIONS

ILM N 50NO. 830.01 TEST Yucca ,JWAT SY:R"I ERA Na STR 3 IEQ.^AP. aDATE: 3.19/59

A W Wi mMT)

CAMERA-

A. R*A"-CB co a cost + (H, -Hc) sin 0
am 5008' 0=_ 3 38'- Z5511.29

COS 0= 0.925963 COS= 0.822806 He 10972.93m

05-4= 29.90 m sin e 0.568322 H,- 1488.36 m

COI, CM a CO$1717.9x Igni ,9 &64si 432. 97 z Rr LjTZ!6
B. FOCAL LENGTH 149.06 im .(Lens Serial No. 720968)

C, MAGNIFICATION FACTOR.

0. ZERO TiME CORRECTION
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CAMERA DATA 5 CALXU,.ATIONS

M Na 54303 ifA TOM a 3o. o TEST ORANGE CUDAA! by: ns

M .35IF"o0 E o. o. ]j12/5/5 s

A (MAWM POWflT)

A. R/ACBh co. cos t (HI-Hc) sin .

000, 10= 020110 - - -s- 42

Cos1u~00 a=ICOS~ 0.97748 927

08 132527M if 0. 21104 6 ~ 33"83m
08hkco a a 2942m ANIit 18

S. F(CAL LNGTH 101 .26mm LA.na Sri.al No. Bt2678)

C MAGNIFIATION FACTOR (m ,nlin) 1411n

D. ZERO TIME CC--'rWCMT
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DAAETER MEASUREMENTS

SHOT ORANGE FylM NO 54303

FLEX07RITER
Fr. No. Mae. R I R2 113 Ravg Davg (zn) t (me)

in. Zzy- xJ=
0000 19.33 01.02 01.12 1.07 1899.2 0. 56

0001 0119 0125 122 2165.5 . 13
0002 01?& 0130 129 2289.7 .1.70
0003 013-i 0136 135 2396.2 2.27
0004 018 0140 139 2467.2 2.84
0005 0z , 0144 143 2538.2 3 41
0008 0148 0153 151 2680. 2 5. 12
0010 0153 0156 155 2751.2 6.26
0012 0157 0160 159 2822.2 7.40
0014 0160 0164 162 2875.4 8 54
0016 0164 0167 166 2946 4 9. E,
0018 0169 0171 170 3017.3 10.82
0020 0170 0172 171 3035.2 1i. 96
0025 0175 0179 177 3!41. 7 14.81
0030 0179 0182 181 3212.7 !7. 66
0035 0185 0186 i7 3319.2 20.5
0040 0187 0I;3 iO 3377 4 23.3

0. Oig 007 6 347. 9 22. OA
005. 0-e9 , 01 3 lG 34 .7. 31.9'.

Out, 0201 i0 5 203 3603.2 24. si
006, 0 2i: 2 0207 205 3f,32. I 37. 61
0070 U207 0205 '08 36.s2.9 40.A2

-20 0 902 370 .7 43.31
000 0209 0212 1 211 375. . 4,. 16
0085 0210 OZi 1 j 213 1
0090 Q2=. 0214 2 13 372D. 7 51.0!
0095 02 1 021. 2-:16 3833 -z 54. 1

-010-5 O~ o , 2 17 3 1. , 57. .
0110 0?i 02 8 21

0120 021,. 0224 = 222 3940.4 66.76
0130 022-1 0227 - . 993 7 74. 36
RAA By R. C.S. .. ik-D BY

DATE 2 2C5_ DATE

F.M SECRE:



DIAMETER MEASUREMENTS

SHOT ORANGE FILM NO 4303

,ro--'."-IR--- FLk.XOWRITER
Yr. No. Mag. p i I 2  .1 R a v. 1; DaV.-(M) t (ma)

in xxZ. xx

0140 19. 33 0225 0220 228 4046.9 79.96
0150 0227 0231 229 4064.7 85.56
0160 0228 0234 231 4100. 2 9i. 16
0170 6229 0237 233 4135.7 96.76
0100 0230 0240 235 | 4171. 2 102.35
0190 02j2 0242 237 4201.7 107.96
0200 0235 0245 240 4259.9 113.56
0210 0239 0247 244 4313.2 119. 14
0220 0242 0246 244 4330.9 124.76
0230 0243 0248 246 4366.4 130.36
0240 0247 0250 249 4420.0 135.98
0250 0249 0254 252 4472.9 141.56
0260 0251 0252 252 4472.9 147. 16
0270 0253 0256 255 4526.2 12.76
0280 0254 0259 257 4561.7 15F
6290 0257 0262 260 4E14.9 16.

0260 0265 263 4668. 1 Ife 56
0253 0265 264 4685.9 17.._

' 0 021 0263 2c7 4?39. 1 100.56
0270 0271 27 1 4810.1 186. C F,
r• 2 -0274 7 772 4827.9 191. Z6

03-1. 0272 0271 275 4881. 18696
03V) 0275 A f2S0 278 4934.4 202.55
a70 0276 C12 i 280 4970.0 207.96

0380 027 C286 282 I5005.4 213. 56
0390 0Z60 0,t7 284 5040.9 218.96
04-j0 0M3 Vi 8 286 5076.4 ?24. 56
0410 0201 0210 289 5129.6 229 96
0423 0289 0i 2 291 5155. 1 23. 36

430 079! 0294 293 5200.6 240.16
G44C 0291 0295 203 5200.6 24.16
04 n 02*3 0295 --. c _ -) r. - 251. 56

READ BY R. C S. J.C. TYPED BY.

DATE 2125/[59 DATE

ftZMARECS:
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DIAMETER MEASIU-M.aTS

MOT ORANGE FILM NO 54303

[ FLEXO'k =rrl:R

F'r. No. Mas. R R2  H. " D (m) t (ma)

0460 19.33 0296 0298 297 5 71.6 256.96
0470 0297 0301 299 1 5307.1 262. 36
0480 0299 0.-02 30! 5342.6 27.76
0490 61302 0303 303 5378.1 273 If
0500 03r? 0307 305 5413.6 278.56
0510 03 ,- 0309 307 5449.1 283.96
0530 0310 0313 312 5537.9 '-94. 76
0550 0312 0315 314 5573.4 305.56
0575 0315 0321 318 5644.4 319.06
0600 0317 0324 321 5697.6 332. 56
0625 0318 0327 323 5733. 1 34: 84
0650 0321 0330 326 5786.4 359. bG
0675 0324 0333 329 5939.6 372. 36
0700 0326 0335 331 5875. 1 385.56
0725 0323 0336 333 5910.6 396.56
07,-0 0331 340 33f. 5963.9 411.56
0775 0333 34-4 33J 6017. ' 424.56

0334 348 342 6070.4 437.56
o25 0336 352 '44 6105.9 458.56

0338 354 34C 6141.4 463.56
•3674 u340 356 348 6176.9 476.56
090U 0342 356 349 6194.6 489.56

itt

L
READ BY RC.S.TY D BY

DATE 2/25159 _ DATE __

REMARKS:
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GC5WRA DATA CALOULATINS

54 5 001O t248 D 0' I E T SYa Now___ __

cA W Ma m i P A : 12/3/U8

A (Amuws P06W?)

?------------------ Mws&

tccs"I I~oco 
-

____ ___ _1_00 __ ___ C M0-03913 1 C 9297 .

SLM 60- 4 5295 ~ 603i

cokws a4 C06l )0C2i 5 B.3356 3r.

O AL LENGTH 3 77m Lr eil No. 3248071.

V.- MAGIFCATION CACT-f;B3

0. ZERnO 11h CORfMCftION _____________

S '-5R



TEAK Horjzcntal Diameter-Tine . NAME DATE

4Film No. 541511 CS-CJK 4/58

Frame D& D D3  D3 I ln 5  lTimc
(rM) (k.') (mam) (kM) 1,(r=) ( -M) (Matc)

0 3.83 i5.02 - 14.0

1 3.85 15.10 - - 56.9
2 3.93 15.42 - 99.7
3 4.O0 15.69 - - - 142.6
4 4.05 15 PIS - - 185.4
5 4.10 16.1 1 228.384.35 1' 06 - ~ 356 9

10 4.53 if ;7 2.10 8.24 442.S
12 4.63 18. 16 2.20 8.63 52S.3
11 4.73 18.55 2.40 9.41 -f8 14.016 4.83 18. 95 2.55s 10.00 - 699.8
18 5.00 ,9.61 2.60 ,10.20 7. 785.5
2J 5.08 19.93 2.80 110.98 1 171.2
22 5.20 20.40 3.10 1. . 71 95.9
2,31 5.20 0 20..0 .- 85 1042.6
26 5.40 21. I8 3.20 12.55 12.10 8.24 1128.4
26 5.50 21.57 3.20 12.55 12.15 8.43 43
0 5.60 21.97 3.33 13.OG 2.20 1.. 634

35 5.83 22.87 3.80 14. a1 2.30 9.02 1'V .1
S. io 23.93 4.15 16.28 2.20 8,63 1".. 4
6.30 24.71 4.45 17.46 2.40 9.41 942.7
6.50 25.50 4.70 18.44 2.58 10.12 12157 0
6.70 26-28I 5.00 19.61 2.85 '.1.18 2371.3

80 6.85 26.87 5.30 20.79 2.95 11.57 2385.6
65 7.00 27.4S 5.30 21.97 3.10 12.16 2300.0
70 8.90 27.07 5.90 123.14 13.25 12.75 3014.2
75 6.9 27.46 6.05 j23. 73 3.34 13.10 3228.5
8 7.i 27.35 e.20 24.32 13.48 13.65 3442.8
85 - - 6.40 25.10 3.55 13.92 3657., 1
90 - 6.60 25.89 3.?0 14.51 387 .4
95 6.80 26.67 3.80 14.91 4 , S. 7

-oo - 1.90 27.07 13.85 15.10 4300.0
105 - 6. 90 27.07 3.95 15.49 4514.3
1i0 14. 0, !5.29 4"48.56

115 I - )4.1o ,Op- 4943.0
(;;;; 11.. 5371.5SEC2 1

______ ______ ______ L Li _______ _______
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CAMERtA DATA 5 C$.L.iLATlONS

I72 M~4l2I TA1Q Wr 83.O TEST 'leak I s.AATW E :D
FIL In 541- - - s

CMOU kM.%17004I EQ. AP.TO : 12/152A

A CAMM~AT

A. R%-CL, cot co.P + (H, -HC) zin f
S 0000, 1= 260. . ... __H

cMa = ,.OVO ICos 0- o.891153 , , 2-I

('3 -1,93ll Sn$- .45295 &HU-67018i

1 8 0 a~* O.8 -,-002 m A H~ *3 0 3 56i / u
B. FOCAL LENGTH .5, ra-- ;Je er ! .o. 79,____ a.

I C. MAGNIFICATION FACTOR /r;.!in) 4252I

D. ZERO TIME CORRECTION
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TEA K Horizontal Diameter-Time NAME DATE

Film No. 54152 RCS-CJK 4/58

FrIDe ID D3 D Tlmc
(",MM) (kim) (rMM) tu, ta) (i) fm,

0 9.2 15.8 - 50

1 10.2 17.5 4.5 7.7 350
2 11.0 18.9 5.6 9.6 - 850
3 11.7 20.1 8.2 10. - - 950
4 12.4 21.3 7.2 12.3 4.3 7.4 1250
5 13.2 22.6 8.2 14.1 4.5 7.7 1550
6 13.8 23 7 9.2 15.8 5.2 8.9 1850
7 14.5 24.9 10.0 17.1 5.6 9.6 2150

8 15.1 25.9 11.0 18.9 5.8 9.9 2450
9 15.5 26.7 11.8 20.2 ,.1 10.5 2750
10 18.2 27.8 12.4 21.3 6.4 11.0 3050
11 17.0 29.1 13.2 22.6 6.7 11.5 3350
12 17.5 30.0 13.9 23.8 6.9 11.8 36b
13 18.2 31,7 14.6 25.0 7.3 12.5 3950
14 18.8 32.2 15.3 26.2 7.5 12.9 4250
15 10.3 32.9 15.9 27.3 7.7 13.2 4550

16 19.6 31. 6 16. b 28.3 8.0 13.7 a.-r
17 - - 16.8 2z.8 8.4 14.4 515

-- - 8.7 14.9 54

- - 9.0 15.4 51. •

Z0 - 9.4 16.1 6050
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Apendix 11

PHIOTO) DATA, -HIOT YUCCA
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Appendix o)

PHCTO DATA, ;"101 ORANGE
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Defense Nuclear Agency
6801 Telegraph Road ".

Alexandria. Virginia 22310-3398

ISST 28 May 1996

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
ATTENTION: OCD/Mr. Bill Bush

SUBJECT: Declassification of AD-360632L (WT-1649).

The Defense Nuclear Ageacy Security Office (OPSSI) has
declassified and approved for public release the following
report:

* 6
AD-360632L (W- 1649)

* 1' ~ITH JARR/~~
Chief, Technical Support

copy furn: DASIAC
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